A phylogenetic tree for different human immunodeficiency viruses type 1 (HIVl) and type 2 (HIV2), lentiviruses, and oncoviruses has been constructed by comparing the nucleotide sequences of the two regions of their pol genes that encode the reverse transcriptase and endonuclease/integrase.
Introduction
The acquired immune deficiency syndrome (AIDS) has become recognized as an acute public health problem in the world. It is estimated that at least several million people worldwide (Quinn et al. 1986 ) have been infected with the causative agent referred to as either lymphadenopathy-associated virus (LAV) (Barre-Sinoussi et al. 1983) , the human T-cell lymphotropic virus type III (HTLV-III) (Popovic et al. 1984) , or the AIDS-associated retrovirus (ARV) (Levy et al. 1984 )-or, more recently, as human immunodeficiency virus (HIV) (Coffin et al. 1986 ). As many as 10%30% of these HIV-infected individuals may develop AIDS within 5 years (see, e.g., Curren et al. 1985) .
The HIVs show some structural and functional similarities to other members of the HTLV and bovine leukemia virus (BLV) groups (Muesing et al. 1985; Ratner et al. 1985; Sanchez-Pescador et al. 1985; Wain-Hobson et al. 1985) , but nucleotide sequence similarity between the genomes of the HIV and HTLV-BLV families of viruses is very low. Recently, it has been shown that the HIVs are more closely related to the lentivirus subfamily than to the oncovirus subfamily (Chiu et al. 1985; Gonda et al. 1985; Sonigo et al. 1985; Wain-Hobson et al. 1985) . have constructed a phylogenetic tree of different HIV strains, lentiviruses, and oncoviruses by comparing amino acid sequences at the reversetranscriptase (RTase) and endonuclease/integrase (ENase) domains. They estimated that the genetic diversity of the HIVls isolated in the United States and France was generated within the past 20 years and that these in turn diverged from the central
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1 .-Nucleotide sequences of HIV 1 (BH 10, BH5, ARV2, LAVBRU, pv.22, LAVMAL, and LAV&, HIV2, lentiviruses (VISNA, EIAV, and CAEV), and oncoviruses (RSV, HTLV-I, BLV, and MMLV) for the region of the pol gene that encodes reverse transcriptase. African HIV strains during the past 40-50 years. These estimates were obtained by assuming that the HIVs are evolving on the order of 10e3 nucleotide substitutions/ site/year. Recently, a newly described retrovirus HIV type 2 (HIV2) has been isolated from a west African AIDS patient and completely sequenced (Guyader et al. 1987 ). BHlO  BH5  ARV  LAV  P22  LAV  LAVMAL  HIVB!!'  VISNA  EIAV  RSV  SMRV  MMTV  HTLV-I 
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-Nucleotide sequences of HIV 1 (BH 10, BH5, ARV2, LAVBRU, pv.22, LAVMUIAL, and LAV&, HIV2, lentiviruses (VISNA and EIAV), and oncoviruses (RSV, SMRV, MMTV, HTLV-I, BLV, Rev A, and MMLV) for the region of the pal gene that encodes endonuclease and integrase.
242 Yokoyama et al. The comparisons between the nucleotide sequences of the HIV2 and those of other HIV (HIVl) strains show that the two viruses are distinct elements of the HIV family and cannot be considered as strains of the same virus (Guyader et al. 1987) . This low similarity suggests that the two HIV groups have been evolving independently for some time.
To understand the origin of HIV, it is important to elucidate the evolutionary relationship among HIV 1 and HIV2 strains, lentiviruses, and oncoviruses. To elucidate the phylogeny of these diverse retroviruses, the nucleotide sequences of the two regions of their pal genes that encode the RTase and ENase are compared and denoted as the RTase region and the ENase region, respectively. The results complement previous phylogenetic analyses using amino acid sequences at the RTase and ENase domains ).
Nucleotide Sequence Data
The HIV 1s used in the present study are LAVBRu (Wain-Hoboson et al. 1985) from France; LAVELI and LAV MAL (Alizon et al. 1986 ) from central Africa; BH5, BHlO (Ratner et al. 1985) , and pv.22 (Muesing et al. 1985) from the east coast of the United States; and ARV2 (Sanchez-Pescador et al. 1985) from San Francisco. The HIV2 (Guyader et al. 1987 ) was isolated in west Africa. Lentiviruses include equine infectious anemia virus (EIAV) (Stephens et al. 1986 ), visna lentivirus (VISNA) , and caprine arthritis encephalitis virus (CAEV) (GenBank). Oncoviruses include the human T-cell leukemia virus type I (HTLV-I) (Seiki et al. 1983) , BLV (Rice et al. 1985) , Rous sarcoma virus (RSV) (Schwartz et al. 1983 ), Moloney murine leukemia virus (MMLV) (Shinnick et al. 198 l) , mouse mammary tumor virus (MMTV) (Chiu et al. 1985) , squirrel monkey retrovirus (SMRV) (Chiu et al. 1984) , and reticuloendotheliosis virus strain A (Rev A) (GenBank).
The nucleotide sequence of CAEV is available only for the RTase region, and those of SMRV, MMTV, and Rev A are available only for the ENase region. When the HIV 1 strains are taken as references, the RTase is encoded by codons 188-405 in the pal gene and the ENase is encoded by codons 728-898 in that gene. The number of nucleotide sites compared ranged from 636 to 654 and from 5 10 to 573 for the RTase region ( fig. 1 ) and the ENase region ( fig. 2) , respectively.
Nucleotide substitutions per site (d) for 15 viruses at the RTase region and 17 viruses at the ENase region were computed in pairwise comparisons of the two regions (table 1) and for both regions together (table 2). The value of d is obtained from d = -(3/4)ln[ 1 -(3/4)p], where p is the proportion of observed nucleotide differences between two sequences. Positions containing gaps were not included in determining p. This formula assumes equal substitution rates among the four types of nucleotide (Jukes and Cantor 1969) . Values of d computed by other formulas (Kimura 198 1; Takahata and Kimura 198 1; Gojobori et al. 1982) were similar.
A Phylogenetic Tree of HIVs, Lentiviruses, and Oncoviruses
In constructing the phylogenetic tree of the different retroviruses, the neighborjoining (NJ) method (Saitou and Nei 1987) was used with three different sets of d values: (1) those for the RTase region ( fig. 3a) , (2) those for the ENase region ( fig. 3b) , and (3) those for the RTase and ENase regions combined (fig. 3~ ). The principle of the NJ method is to sequentially find neighbors (pairs of sequences) that minimize the total branch length of the tree.
The three resulting evolutionary trees give identical relationships except among the closely related French and American HIV 1 s, with ( 1) the seven HIV 1 strains (BH5, BH 10, LAVBRu, pv.22, ARV2, LAVELi, and LAV MAL) forming one cluster that diverged from the ancestor of HIV2, (2) the common ancestor of the HIV1 and HIV2 strains diverging from that of the lentiviruses (VISNA, CAEV, and EIAV), and (3) the common ancestor of the HIV and lentivirus group and that of the oncovirus group diverging before that. Phylogenetic trees of the different HIV, lentivirus, and oncovirus strains have also been constructed by using the three different data sets and the unweighted pairgroup method with arithmetic mean (UPGMA; Nei 1975) . The purpose of UPGMA is to construct a phylogenetic tree with expected branch lengths. Phylogenetic trees obtained by this method give the same four clusters as in figures 3a-3c, with one exception. When the UPGMA method is applied to the values of d for RTase alone or for RTase plus ENase, RSV is placed among the lentivirus group rather than among the oncovirus group. The difference caused by the two different tree-making methods seems to be due to variable evolutionary rates among the retroviruses (see also Discussion). When the rate of nucleotide substitution varies extensively from one lineage to another, the UPGMA method is likely to give an incorrect topology (Nei 1987) .
The topologies in figures 3a-3c generally agree with the phylogenetic tree constructed by comparing amino acid sequences in , where the lentiviruses and oncoviruses form two distinct groups.
Branch Lengths for the Evolutionary Trees
The NJ method gives unrooted trees. Thus, neither the branch lengths from the root ancestor to the lentivirus nor those to the oncovirus group can be determined separately. Comparison of figures 3a and 3b shows that the RTase and ENase regions give similar branch lengths most of the time. However, several prominent differences are seen. When the RTase region is considered, the branch length of the common ancestor of the HIV 1 and HIV2 strains after its divergence from that of the lentiviruses is 0.02 (fig. 3a) ; but when the ENase region is considered, it is 0.24 ( fig. 3b ). For the RTase region, the branch length of VISNA after its divergence from the common ancestor of the lentiviruses is 0.27 (fig. 3a) ; but for the ENase region, it is 0.41 ( fig.  3b) . Similarly, the total branch lengths to RSV (0.48) and HTLV-I (0.54) for the RTase region ( fig. 3a) after its divergence from the ancestor of the oncoviruses are shorter than the respective numbers, 0.67 and 0.71, for the ENase region ( fig. 3b) .
Inspection of table 1 shows that the values of d involving VISNA, RSV, and HTLV-I are generally higher for the ENase region than for the RTase region. For example, the value of d between an HIV and VISNA in the RTase region ranges from 0.55 to 0.59, whereas that in the ENase region ranges from 0.89 to 0.90. Similarly, the d value between an oncovirus and VISNA in the RTase region ranges from 1.10 to 1.23, but that in the ENase region ranges from 1.25 to 1.44 if SMRV, MMTV, and Rev A are excluded. Similarly, the values of d between an HIV and RSV and between an oncovirus and RSV for the RTase region are 0.92-1.03 and 0.98-1.15, respectively, whereas the respective values for the ENase region are 1.34-l .4 1 and 1.2 l-l .38 if SMRV, MMTV, and Rev A are excluded.
Differences in the branch lengths for different viruses become smaller when the RTase and ENase regions are combined than when they are considered separately. The largest difference in the branch lengths in the lentivirus group is between the distances of HIV2 and EIAV from their common ancestor, and it is only 0.06 ( fig.  3~) . But, the difference for the RTase region is 0.14 (see fig. 3a) . Similarly, the largest difference in the oncovirus group is that between RSV and BLV, a difference that is 0.11 when the two regions are considered together ( fig. 3~ ). The corresponding difference for the RTase region is 0.13 ( fig. 3a) . Furthermore, the differences between the branch lengths of VISNA and EIAV since the divergence from their common ancestor are 0.06 ( fig. 3a) and 0.10 ( fig. 3b) for the RTase and ENase regions, respectively. But, when the two regions are combined, the difference reduces to 0.01 ( fig. 3~ ).
Proportion of Synonymous and Nonsynonymous Changes
Since natural selection acts through phenotypes of the retroviruses for which the structure and function of proteins play a decisive role, we expect that the mutations that do not cause amino acid changes (synonymous changes) in proteins are much less subject to selection than those that cause amino acid changes (nonsynonymous changes). The two types of nucleotide substitutions may provide different branch lengths. Thus, we performed phylogenetic analyses by considering both synonymous and nonsynonymous changes.
The numbers of synonymous and nonsynonymous substitutions were estimated by using both Nei and Gojobori's (NG) method (1986) and Miyata and Yasunaga's (MY) method ( 1980) . The former method gives equal weights for intermediate evolutionary pathways between a given pair of codons compared, whereas the latter method gives unequal weights. The two methods give similar estimates, and in the following we use the results obtained by the MY method.
For these estimation methods, the proportion of observed nucleotide differences is required to be less than 0.75. Of a total of 17 viruses, only nine (BHlO, BH5, ARV2, LAVBRU, pv.22, LAVMIAL, LAVE LI, HIV2, and VISNA) satisfy this condition for the synonymous changes. Because the numbers of nucleotide substitutions are very small for BH 10, BH5, ARV2, LAV BRU, and pv.22, we will simply classify them as an HIV 1 group in the Western world (HIV 1~~s~). We also denote LAVELi as HIV lCA (HIV1 from central Africa) and HIV2 as HIV2 wA (HIV2 from West Africa), respectively. Numbers of synonymous and nonsynonymous changes for the three groups of HIVs and VISNA are shown in table 3. In table 3, we can see that the number of synonymous changes is an order of magnitude larger than that of nonsynonymous changes, implying the existence of some functional constraint. We have seen that HIV 1 WEST and HIV 1cA diverged most recently and that their common ancestor diverged from HIV2wA before that ( figs. 3a-3c ). Using this tree topology and VISNA as a reference, we estimated the lengths of different branches by the method of Fitch and Margoliash (1967) . The result is shown in figure 4 , in which the values next to branches represent the mean lengths estimated as the number of synonymous and nonsynonymous changes per nucleotide position. The number of synonymous changes is always much larger than that of nonsynonymous changes in the same branch.
At least for this example, the total branch lengths of nonsynonymous changes seem to be more uniform than those of synonymous changes. For example, for the synonymous changes the total lengths of the branches A-HIVIWEST, A-HIVlcA, and A-HIV2wA are 1.65 + 0.28, 1.75 + 0.29, and 1.25 + 0.17, respectively, whereas for the nonsynonymous changes the respective lengths are 0.14 -t 0.01, 0.14 & 0.0 1, and 0.14 f 0.0 1 changes. For the synonymous changes, the length of the branch B-HIVIWEsT (0.039 + 0.013) is significantly shorter than that of the branch B-HIVlcA (0.168 f 0.029) (P < 0.00 1). Similarly, the length of the branch A-HIV2wA (1.25 f 0.17) is shorter than that of the branch A-HIVlc* ( 1.75 + 0.29), but the difference is not statistically significant (P = 0.07). For the nonsynonymous changes, none of the comparisons shows a statistically significant difference. Figure 4 also shows that the branches A-B and A-HIV2wA have approximately the same lengths. This suggests that the divergence event between HIV1 and HIV2 occurred much earlier than that among different HIV1 strains.
Discussion
Using limited data, we estimated that the genetic diversity of the HIV1 strains was generated within the past 40-50 years ). The present phylogenetic analyses of the lentivirus and oncovirus groups show that, although the newly discovered HIV2 strain belongs to the lentivirus group, it is not close phylogenetically to other HIV1 strains. To understand the origin of AIDS in humans, it is important to evaluate the divergence times among the different HIV 1 strains, HIV2, lentiviruses, and oncoviruses. Gojobori and Yokoyama (1985) estimated the rate of nonsynonymous changes in the oncogene v-mos of Moloney murine sarcoma virus (MMSV) to be nearly the same as that in the gag gene of MMSV and MMLV but the rate of synonymous changes in v-mos to be roughly half that in the gag genes. Furthermore, nonsynonymous changes were more constant among the HIV strains than were synonymous changes . Figure 4 also shows that, compared with synonymous changes, the nonsynonymous changes are more time homogeneous, as already noted.
All of these observations suggest that, in estimating the divergence times of the retroviruses, the estimates of nonsynonymous changes are more useful than estimates of synonymous changes. Thus, it is reasonable to see that almost identical tree topologies have been obtained by using the UPGMA method with amino acid substitution data and the NJ method with all nucleotide substitution data. This is because the former method uses information only on nonsynonymous changes, whereas the latter method takes into account a variable rate of nucleotide substitution for different branches.
Recently, the rates of nonsynonymous substitutions of the gag and v-mos genes were estimated for a total of nine viral oncogenes and gave an average value of 0.5 X 10m3 substitutions/site/year . This rate may hold for the lentivirus genome. Hahn et al. (1986) estimated the substitution rate of the gag gene of HIV 1 strains to be between 0.4 X 10m3/site/year and 1.8 X 10m3/site/year.
The pal gene is more conservative than the gag gene, and hence its rate of evolution is unlikely to be >0.5 X 10m3. When this rate is used, so as to be in little danger of overestimating divergence time, the initial divergence event (point A) between the HIV 1 and HIV2 is estimated to be 20.14/(0.5 X 10e3) = 280 years ago. The divergence between HIVWEsT and HIV 1 CA seems to have occurred 20.0 l/(0.5 X 10m3) = 20 years ago. This is consistent with previous estimates, in which we noted that the genetic diversity among the HIV1 WEST strains has been generated within the past 20 years and that the common ancestor of HIV1wEs-r and HIVlcA diverged during the past 40-50 years . These results suggest that the idea that AIDS emerged as a new disease in recent decades (see, e.g., Kanki et al. 1985; does not seem to hold any more. Rather, AIDS seems to have existed for a long time but to have gone undetected.
For HIV 1 and HIV2, the rate of nonsynonymous changes is an order of magnitude lower than the rate of synonymous changes, as already noted. The same phenomenon has been detected for viral oncogenes and genes of MMLV and MMSV (Gojobori and Yokoyama 1985) . We also observed that the evolutionary rate of nonsynonymous substitution is less variable than that of synonymous substitution. This is consistent with the neutral theory with functional constraints on amino acid changes. Numbers of nucleotide substitutions per site for the first, second, and third positions in a codon were also estimated separately. For all comparisons among the lentivirus and oncovirus groups, the number of nucleotide substitutions is most rapid at the third position, followed by the first position and then the second position. These observations are also compatible with the neutral theory of molecular evolution (Kimura 1983).
